INTRODUCTION
The devastating tsunami produced by the Sumatra-Andaman earthquake (M w 9.2) of 24 December 2004 heightened the interest of the scientific community in tsunami early warning system. Global efforts have been successful in achieving a robust ocean basin-wide tsunami warning in which there is enough time to obtain accurate source parameters, determine the tsunami potential, model the tsunami propagation through the oceans, and update it with real-time sea-surface height observations. However, local systems are still not reliable. In such cases, rapid estimation of accurate source parameters that are expeditious in discriminating a tsunamigenic earthquake and its potential tsunami are essential. The 2011 Tohoku-Oki earthquake (M w 9.0) revealed that tsunami-warning techniques based on traditional seismic instrumentation could lead to an underestimation of the event magnitude (Ozaki, 2011) , which can translate into tragic loss of life and infrastructure (e.g., Cyranosky, 2011) .
The Pacific coast of Mexico has been struck by at least 26 historic tsunamis originating from local subduction earthquakes (Sánchez and Farreras, 1993; Farreras, 1997) . Tidegauge recording in Mexico began in 1952. Since then, the maximum height recorded is 3 m for the 1985 Michoacán earthquake (M w 8.0). However, historic documents suggest that tsunamis as high as 8-11 m may have hit the Mexican Pacific coast during the Guerrero-Oaxaca earthquake of 28 March 1787, M w 8. 4-8.6 (Sánchez and Farreras, 1993; Farreras, 1997; Núñez-Cornú et al., 2008; Suárez and Albini, 2009) and the Colima-Jalisco earthquake of 22 June 1932, M w 7.0 (Sánchez and Farreras, 1993; Farreras, 1997 ). An effective tsunami early warning system for the Mexican Pacific coast should be able to emit a reliable alert in less than 10 minutes, given that the peak in the tsunami height may reach the coast about 10-15 minutes after the origin time of the earthquake (M. Ortiz, personal comm., 2007) .
Following the 1985 Michoacán earthquake, great interest has been focused on the Guerrero segment of the Mexican subduction zone, which had previously been identified as a seismic gap (Singh et al., 1980 (Singh et al., , 1981 (Singh et al., , 1982 Anderson et al., 1989; Suárez et al., 1990; Fig. 1, Ⓔ supplement) . The proximity of the Guerrero coast to Mexico City, compared with the more distant Michoacán coast, intensified concern among scientists and authorities. As a result, a seismic early warning system was conceived and deployed for Mexico City, which has monitored the Guerrero seismic gap since 1991 (Espinosa-Aranda and Rodríguez, 2003) . However, the observational goal of the system is early warning of an earthquake with an epicenter within the Guerrero seismic gap and to issue a warning solely to Mexico City. Kanamori et al. (1993) and Ordaz et al. (1995) both simulated strong ground motions in Mexico City for postulated M w 8.0 and 8.1 earthquakes in the Guerrero seismic gap, respectively. These simulations were two to three times as large as the one produced by the 1985 Michoacán earthquake.
In an effort to test our scientific preparedness and develop effective warning tools, a group of seismologists at the Institute of Geophysics at the Universidad Nacional Autónoma de México (UNAM) launched a scenario earthquake in the Guerrero seismic gap. The test was a blind one; the source parameters were unknown to the analysis team and were revealed only after all the tests were performed. This paper is focused on a rapid assessment of the source parameters and the tsunamigenic potential of the scenario earthquake. The objective is to test an algorithm we have developed that relies on a method described in Singh et al. (2012) based on real-time to near realtime estimates of the static-displacement field (ideally measured from a Global Positioning System [GPS] ).
We analyze synthetic-displacement time series generated for this scenario earthquake to determine the time it will take to obtain robust source-parameter estimates and assess the uncertainty in the parameters, given the GPS network configuration. We also estimate the focal mechanism from a W -phase inversion of synthetic seismograms calculated for the Servicio Sismológico Nacional (SSN) broadband stations. As we will see, a tsunami warning would have been issued for this scenario earthquake from the estimated magnitude in about two minutes. We would also have correctly estimated the length of the rupture and surface projection of the downdip edge of the fault with respect to the coast. The knowledge of the location of the downdip edge is important because a large earthquake with a rupture area that lies partly below the continent may have relatively enhanced high-frequency radiation and generate severe ground motions, thus causing damage to engineering structures and loss of life. On the other hand, if the rupture area lies mostly offshore, then the high-frequency radiation may be relatively depleted and the earthquake may not produce large, destructive ground motions. However, it may have a higher tsunamigenic potential because a larger area of sea floor will experience vertical motion.
There is an urgent need for a denser GPS network and real-time tracking of the position of GPS sites along the Pacific coast of Mexico. This need is emphasized by the recent Ometepec earthquake of 20 March 2012 (M w 7.4) that occurred south of the Guerrero gap. In this instance, there was only one real-time GPS station in the epicentral zone. There are a few GPS sites in and near the epicentral area in which data are presently obtained in campaign mode. Had these data been available in real time, a correct M w would have been obtained, but the length of the rupture would have been overestimated due to an inadequate number of stations.
SCENARIO EARTHQUAKE AND SYNTHETIC DISPLACEMENT DATA
An M w 8.2 earthquake was proposed as the scenario event to fill the entire Guerrero seismic gap. This gap extends from the southern edge of the two Michoacán 1985 earthquakes up to the Ometepec region (Fig. 1, Ⓔ supplement) . Based on the ▴ Figure 1 . Guerrero rupture scenario, broadband seismic network and GPS station locations. Rupture areas for historic earthquakes (M w ≥ 8) are denoted by the elongated dashed shapes. The rupture area for the 1787, the 1932, and the 1985 earthquakes are taken from Albini (2009), Singh, Ponce, and Nishenko (1985) , and UNAM Seismology Group (1986), respectively. The location of the Meso American Subduction Experiment (MASE) profile is shown as a thick gray line. The rupture area used by Cruz-Atienza et al. (2011) for the scenario earthquake is shown as a dark gray rectangle, the slip on the fault is in meters and rupture time contours in seconds, the black star denotes the epicenter. Middle America Trench (MAT); Servicio Sismológico Nacional (SSN); GPS network operated by the SSN (GPS-SSN) with real-time transmission capacity of 1 sample per second; autonomous GPS stations operated by individual researchers or groups from the Instituto de Geofísica, UNAM (GPS-IGEF). Geometry from Okada (1992) is in the lower corner: L and W are the length and the width of the fault, respectively, δ is the dip and −C is the depth of the downdip edge of the fault. x and y axes are oriented along and perpendicular to the coast (towards to the trench), respectively. For coastal GPS stations y ≈ 0.
magnitude and geometry of the slab in this region, CruzAtienza et al. (2011) generated a kinematic slip distribution and rupture propagation on a 210 × 90 km 2 fault with strike ϕ s 292°, dip δ 13°, and rake λ 90°. Following Mai and Beroza (2002) , the final slip distribution was stochastically generated using a spatial random field modulated by a von Karman autocorrelation function for which the correlation lengths increase with source dimension. Local rupture velocities (i.e., source rupture times) were determined as a function of local final slips with respect to a mean value of 2:8 km=s. Slip-rate time histories are the dynamic-rupture consistent functionals originally introduced by Yoffe (1951) and then regularized by Tinti et al. (2005) . The hypocenter was at 16.513°N, 99.859°W, at 7 km depth. The average slip on the fault is 4.1 m with a maximum of 9.2 m to the northeast of the hypocenter. The overall fault parameters are listed in Table 1 .
Synthetic seismograms Ⓔ (supplement) were generated at current SSN station locations within a region of 1200 km along the coast and 700 km inland (Cruz-Atienza et al., 2011) by mean of a parallel-finite difference code (Olsen et al., 2009) running on the Pohualli supercomputer of the Departamento de Sismología at UNAM. The shear-wave velocity model was taken from Iglesias et al. (2010) . This model was obtained along the profile of the MesoAmerican Subduction Experiment (MASE; Fig. 1 , Ⓔ supplement), oriented perpendicular to the coast and included the slab with the geometry inferred from receiver functions and tomography . This model was then projected laterally to generate a 2.5D model. The quality factors were taken as follows: Q S 50V S , and Q P 2Q S .
For our tests, we utilized displacements time series generated at 22 GPS stations and velocity seismograms at 24 broadband seismic stations ( Singh et al. (2008) proposed a method for rapid and robust determination of fault parameters of subduction earthquakes based on Okada's (1992) model (inset Fig. 1 , Ⓔ supplement) as follows: length of the fault L, average displacement on the fault D, and position of the fault, in particular the relative position of the surface projection of its downdip edge with respect to the coast, c. Needed critical parameters of most, if not all, seismogenic zones (width W s , strike ϕ s , dip δ, rake λ, and maximum depth of the downdip edge, C) are known from previous studies and static coseismic displacements are obtained from coastal GPS stations. For large Mexican subduction earthquakes (M w > 7:6), we take W s 80 km, ϕ s 292°, δ 15°, λ 90°, and C 25 km (e.g., Chael and Stewart, 1981; Singh, Suárez and Domínguez, 1985; Suárez et al., 1990; Singh and Mortera, 1991; Pacheco and Singh, 2010) . Singh et al. (2012) described the criteria for estimating L, D, and c. L is obtained from observed horizontal displacements perpendicular to the trench, U y (Fig. 1, Ⓔ supplement) . L is assumed to extend laterally up to the point where U y < 0:2U y max . In Okada's model, y 0 corresponds to the surface projection of the fault's downdip edge so that y c defines the horizontal distance of the coast from the surface projection of the fault's downdip edge. c is determined from the observed vertical displacements, U z . Given the geometry of the fault (δ 15°and C 25 km), the projection of the fault's downdip edge is 13 km inland from the point where U z changes sign. If no change on the sign is observed and all the values of U z are positive, the projection of the downdip edge of the fault will be assumed to be 13 km from the station farthest from the coast where U y ≥ 0:2U y max . Otherwise, if all U z are negative, the projection of the downdip edge of the fault will be assumed to be 13 km towards the trench from the station closest to the coast with U y ≥ 0:2U y max . D is then computed as the uniform slip on a rectangular fault that produces U y equal to the observed average U y , hU y i. The fault Singh et al. (2012) was performed using coseismic GPS static displacements reported in the literature; however, Singh et al. (2012) suggested that the method can be used in real time once the system detects displacement vectors exceeding a threshold level at more than a certain pre-established number of contiguous stations.
REAL-TIME SOURCE PARAMETER ESTIMATION
Following Singh et al. (2012) , the algorithm consists of two initial steps: (1) to determine if a threshold has been exceeded by several contiguous GPS stations within a time window determined by the mean distance between stations, and (2) to estimate the M w and fault location. These two parameters could trigger a first alert to be modified as other parameters become available. Because the focal mechanism plays an important role in tsunami generation, its rapid determination is desirable. Currently, a focal mechanism can be obtained within 2-5 minutes for regional earthquakes with a variety of methods such as W -phase inversion (e.g., Rivera et al., 2011) or from the fastCMT GPS inversion . However, the W phase relies on an initial input for location and magnitude of the event and both the W phase and fastCMT methods are point-source inversions that run into problems with fault finiteness for large events. Here we test a W -phase inversion using as input parameters that were obtained in step 2.
For the determination of coseismic displacements at GPS stations along the coast from high-rate data, we follow Melgar et al. (2012) . We calculate a 50 s window moving average at each time step, as well as the standard deviation on a 20 s window of the moving average (Fig. 2, Ⓔ supplement) . If 20% is exceeded on the standard deviation of at least 2 contiguous stations, and this level is maintained for at least 20 s, the system will declare that an event has started. Coseismic slip is determined at each station when standard deviation has again been reduced by 20%. Because GPS data tends to be noisy, it is undesirable to rely on data from a single epoch. Thus, the value of the coseismic slip is computed from the mean of 10 samples after the trigger has been set. The sampling rate used is 1 Hz, sufficient for static offset computation. Higher sampling rates are recommended for full waveform analysis (Smalley, 2009; Avallone et al., 2011; Bock et al., 2011) although this is potentially very taxing on telemetry.
As coseismic displacement is being determined at each station, it is included into the fault-parameter estimation. Once the length of the fault shows no significant variation by adding more station information, the estimated fault parameters are established as input for the solution of the position of the fault and the M w . Then, a hypocenter based on the estimated position of the fault and M w are used to start the W -phase inversion for the focal mechanism. We use as the hypocenter the center of the rectangle estimated in step 2. Because we are only interested in a rough but quick estimate of the focal mechanism, no extra effort is expended in finding the best solution, such as a grid search for the duration of the moment-rate function or the position of the centroid.
RESULTS FOR THREE NETWORK CONFIGURATIONS
We test three network scenarios. The first scenario only includes GPS stations operated by the SSN that at present are the only ones with real-time transmission capability. This leaves us with only six stations along the Pacific coast (Fig. 2,  Ⓔ supplement) . The mean distance between the stations is 164 km. At minute 01:59 after the origin time (OT), two stations have detected the event, coseismic displacement has been calculated, fault parameters estimated and a M 0 4:4 × 10 21 N·m (M w 8.34) has been obtained. The position of the projection of the downdip edge of the fault with respect to the coast suggests that the rupture has extended inland.
The W -phase inversion is then triggered with a hypocenter location at 16.87°N, 99.77°W, and 15 km depth. Stations at distances between 1°and 4°are used for the inversion in order to have a quick solution. A first solution shows a reverse focal mechanism with a lower seismic moment of M 0 1:53 × 10 21 N·m (M w 8.06) ( Table 2 ). At minute 4:50, all six GPS stations along the coast have detected the event, giving a M 0 3:78 × 10 21 N·m (M w 8.32). The W -phase inversion gives a shallow dip reverse mechanism with M 0 1:19× 10 21 N·m (M w 7.98), with stations up to a distance of 6° (  Table 2) .
For the second test, we utilize the data from all the 22 GPS stations currently operating along the Pacific coast. The average distance between them is 41 km (Fig. 3, Ⓔ inversion with data from stations at distances between 1°and 6°distance, gives a shallow dip reverse mechanism with M 0 1:64 × 10 21 N·m (M w 8.05; Table 2 ). This was assuming the hypocenter location at the center of the fault and at a depth of 15 km. The position of the projection of the downdip of the fault suggests that the fault has extended inland.
From the previous two tests, it is clear that in order to have a robust estimate in the shortest time possible (less than two minutes), a smaller distance between stations is required. Furthermore, for the first test we only have one row of stations parallel to the trench; therefore, if U z were negative there would be no way to better constraint the position of the downdip edge of the rupture. We perform a third test based on an ideal network that consists of 120 stations of 2 parallel rows along the coast. It includes 22 stations currently in operation (Fig. 4, Ⓔ supplement) . The mean distance between each station is 12.5 km. Because over-estimation of the magnitude can be as undesirable as under-estimation, the accuracy on the first estimate is important. Only 93 stations were inside of the simulation domain. At minute 01:27 after OT, three stations have detected the event and a first estimate of L is 175 km, c is 38 km (e.g., the projection of the downdip edge is 38 km from the coast), and M 0 5:80 × 10 20 N·m (M w 7.78). However, only 32 s later (i.e., 01:59 minutes after rupture initiation), 29 stations have already detected the event. L is estimated as 204 km, c remains the same and M 0 2:33 × 10 21 N·m (M w 8.18). There is no significant change after this point in time. At minute 4:50, 93 GPS stations along the coast have detected the event, giving a M 0 2:61 × 10 21 N·m (M w 8.21). In this ideal scenario, we would trigger the Wphase inversion when further lateral stations, two on each side, show U y < 0:2U y max . The inversion, using as an epicenter the center of the fault previously determined and broadband stations between 1°and 6°distance, gives a shallow dip reverse mechanism with M 0 1:97 × 10 21 N·m (M w 8.13) ( Table 2 ). This process takes an additional ∼2 minutes. In other words, in less than five minutes, all the relevant source parameters, including the focal mechanism, would be available.
THE OMETEPEC EARTHQUAKE OF 2012
On 20 March 2012, an M w 7.4 subduction earthquake took place south of the Guerrero seismic gap. The epicentral region is well known for similar events in the past (Astiz and Kanamori, 1984; Nava, 1984; Quintanar, 1985; Nishenko and Singh, 1987; Courboulex et al., 1997) .
Only one GPS station, PINO, operated by the SSN and transmitting 1 Hz data in real time, was located in the epicentral zone; the next 2 closest coastal stations operating in a similar mode were CAYA and HUAT, located more than 200 km from the epicenter (Fig. 5, Ⓔ supplement) . Because of very sparse coastal GPS network along the coast, our algorithm has not as yet been implemented at SSN. For this reason, we only investigated whether the static-displacement field retrieved from autonomous (non-real-time) GPS stations in and near the epicentral area: OMTP, MRQL, and OXTU, along with PINO, CAYA, and HUAT (Fig. 5, Ⓔ supplement) would have yielded reasonable source parameters. For this station configuration, we obtain L 110 km, W W s 80 km, and M 0 1:67 × 10 20 N·m (M w 7.41). Given that both OMTP and PINO show a negative U z , the downdip edge of the fault is set southwest of station PINO (Fig. 5, Ⓔ supplement) . The length of the fault is still larger than expected from preliminary analysis of aftershocks and inversion of local and regional waveforms, which suggest a fault area of ∼35 km × 35 km ((UNAM Seismology Group, 2013) . Thus, L (and hence W ) estimated from the static field is too large, which is undoubtedly a consequence of the large distance between stations. However, the estimated M w is in excellent agreement with that obtained from the real-time regional W -phase inversion (M w 7.43) and that reported by GCMT (M w 7.5). ▴ Figure 3 . Results from test 2. Fault parameters from the existing 22 GPS stations along the coast and focal mechanism from W -phase inversion using regional broadband stations. Symbols and panels are the same as for Figure 2 .
▴ Figure 4 . Results from test 3. Fault parameters from the proposed GPS station configuration along the coast and focal mechanism from W -phase inversion using regional broadband stations. The symbols and panels are the same as for Figure 2 .
DISCUSSION AND CONCLUSIONS
The results are encouraging. A sufficiently dense coastal GPS array can certainly provide a first warning in about two minutes and the focal mechanism would be available from the inversion of the regional W -phase in ∼5 minutes, which is much less than the 10-minute time frame set forth in the introduction. However, the current configuration of real-time stations along the coast is not enough for a robust and reliable estimation of source parameters for a tsunami warning in Mexico. The large separation between the stations will lead to over-estimation of the fault length, as was the case for the 20 March 2012 event. If all 22 stations that are currently in operation along the Pacific coast had real-time transmission capability, a robust solution for earthquakes M w ≥ 7:8 with rupture areas within the Guerrero coast would be possible in less than 5 minutes. Nonetheless, smaller events or those with rupture areas south of station PINO or north of station ZIHP (Fig. 5 , Ⓔ supplement) in which the station spacing is larger might be overestimated and may trigger false alerts. Also, it would be impossible to constrain the position of the fault with respect to the coast in these regions, because there is only one row of stations parallel to the coast. A denser station configuration is proposed, with 120 GPS stations along the coast distributed along two parallel rows with staggered locations. As demonstrated here, with such a network, a robust solution, including M w and position of the fault, would be available in ∼2 min after the origin time. With the dense station distribution and real-time transmission capability, earthquakes with L ≥ 25 km can be discriminated, reducing the possibility of false alerts produced by small earthquakes.
The precision achievable with a high-rate real-time GPS in a network approach such as ours is of ∼1-2 cm in the horizontal and ∼5 cm in the vertical (Genrich and Bock, 2006; Bock et al., 2011) . However this requires tight baselines such as those proposed in the third test scenario. Current baselines of the GPS network produce displacements precise to ∼5 cm in the horizontal and ∼10 cm in the vertical (S. I. Franco, personal comm., 2012). However, all SSN GPS stations are collocated with strong-motion instruments and a real-time combination of seismic and GPS data can produce an order of magnitude increase in displacement precision (Bock et al., 2011) , which can lead to better detection and modeling of smaller events.
Further tests are needed before full implementation of a tsunami early warning system in Mexico. We have assumed that the event is a shallow-thrust earthquake. Our method would not work if the source is different (i.e., a normal-faulting earthquake in the subducted plate or in the overriding plate). Such events are known to occur near the Mexican coast. In such cases, the static displacement field will differ from that expected from a shallow-thrust event. The algorithm should detect this and proceed directly to the W -phase inversion.
Evidently, estimation of basic-source parameters is a necessary first step but by no means a sufficient one for a near-source tsunami early warning. Once a robust system for magnitude and geometry determination is developed, the next step would be to use these simple source parameters to model the resulting tsunami (Ohta et al., 2012) and broadcast intensity metrics with the warnings. Tsunami modeling can be done by computing the vertical deformation of the crust and forward calculation of the ensuing tsunami. Open-source modeling codes for this are robust and have been benchmarked (e.g., Berger et al. (2011) ) and could be used to this end.
If the tsunami early warning described in this article is implemented, along with the associated costs in installation and maintenance of the proposed network, it should be accompanied by a comprehensive overhaul of current outreach and education programs for the communities along the coast, as well as protocols for authorities and civil agencies. As discussed by , there is still a substantial divide in Mexico between the scientific and engineering communities that work on design and implementation of early warning and the government and civil society who serve as the user base. A scientific measurement of the size of an earthquake and/or tsunami is only the first part of a collaborative chain between science and the community it serves that needs to be fortified in Mexico.
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